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served. BABAR observed the decay D0 → K−π+e+e−

in the mass range 675 < mee < 875 MeV/c2 at a rate
compatible with VMD contributions, and set a branch-
ing fraction upper limit on D0 → K−π+e+e−, excluding
e+e− resonances with branching fractions above 3.1 ×
10−6 at the 90% confidence level [13]. LHCb observed
the decay D0 → K−π+µ+µ− [21], and also observed the
decays D0 → π+π−µ+µ− and D0 → K+K−µ+µ− [22].

Here we search for the rare charm meson decays D0 →
K+K−e+e−, π+π−e+e−, and K−π+e+e− using data
collected by the Belle experiment. We analyze the e+e−

→ cc data that has a total integrated luminosity of 942
fb−1. The data was collected at center-of-mass ener-
gies (Ecm) at the Υ (4S) resonances or 60 MeV below, at
the Υ (5S) resonance, and in the 10860 < Ecm < 11020
MeV energy scan. The data was recorded from 2000 to
2010 from the collision of 8 GeV electrons with 3.5 GeV
positrons at the KEKB collider [26]. The Belle detector,
a large-solid-angle magnetic spectrometer, is described in
detail elsewhere [27]. The Belle inner detector consists of
a four-layer silicon vertex detector, a 50-layer central drift
chamber, an array of aerogel threshold Cerenkov coun-
ters, a barrel-like arrangement of time-of-flight scintilla-
tion counters, and an electromagnetic calorimeter com-
posed of CsI (Tl) crystals, all located inside a supercon-
ducting solenoid coil that provides a 1.5 T magnetic field.
An iron flux-return yoke placed outside the coil is in-
strumented with resistive plate chambers to detect K0

L

mesons and muons.
We use Monte Carlo (MC) simulated events to opti-

mize selection criteria, calculate reconstruction efficien-
cies, and study background sources. We generate the
MC event samples using EvtGen [28], PYTHIA [29], and
we use PHOTOS [30] and Geant3 [31] to simulate final
state radiation and the detector response, respectively.
For each signal channel we generate hh(′) and ee reso-
nant and non-resonant signal MC samples. We neglect
interference between non-resonant and resonant decays.
We use MC samples of e+e− → qq (where q = u, d, s or
c) and e+e− → BB corresponding to six times that of
the data to study the background composition.
We require at least five charged tracks in the event.

Each track must have a momentum greater than
0.1GeV/c. We require the distance of the closest ap-
proach to the origin to be less than 4.5 cm along the
beam direction and less than 0.25 cm transverse to the
beam direction to reduce beam-induced backgrounds and
background from K0

S
mesons. We perform particle iden-

tification (PID) based on information provided by detec-
tor subsystems in the form of likelihoods Li for species
i, where i = e, µ, π, K, or p for each track. Kaon can-
didates must have RK = LK/(LK + Lπ) > 0.1 for the
K−π+e+e− and K+K−e+e− mode, and pion candidates
are required to have RK < 0.4 for the π+π−e+e− mode.
These requirements have kaon and pion identification ef-
ficiencies of about 97% and 91%, with misidentification
rates of about 20% and 10%, respectively. The electron
candidates must have Re = Le/(Le+Lµ+LK+Lπ+Lp)

> 0.8. To recover electron bremsstrahlung, we add pho-
ton(s) having a minimum energy of 20MeV and an an-
gle within 5 degrees around the direction of the electron
track at the IP to the four-momenta of the electron candi-
date. The electron identification efficiency is about 91%,
with a misidentification rate of less than 3%. We use the
B2BII software package [32] to convert the Belle data to
Belle II data format and analyze the data with the Belle
II analysis software framework (basf2) [33].

We reconstruct D0 → K−π+e+e−, π+π−e+e−, and
K+K−e+e− signal candidates from the selected kaon,
pion, and electron candidates. Candidates with D0 in-
variant mass mhh(′)ee in the range 1.80 < mhh(′)ee <
1.93 GeV/c2 are combined with a π+ candidate to form
a D∗+ candidate. The requirement of a D∗+ tagged D0

suppresses the background from random track combina-
tions. Candidates must have a D∗+ momentum in the
center-of-mass frame p∗(D∗+) > 2.5 GeV/c to reduce the
combinatorial background from B decays and a mass dif-
ference between D∗+ and D0 candidates ∆m within 0.5
MeV/c2 of the nominal value [34] to be consistent with
the decayD∗+ → D0π+. We also apply a vertex fit to the
decay chain D∗+ → D0π+, D0 → hh(′)ee, with the D∗

production vertex constrained to the interaction point.
We discard candidates that fail this fit.

The decay π0/η → e+e−γ can produce a complicated
background shape, which is difficult to model. The elec-
tron bremsstrahlung recovery can mistakenly include a
photon originating from a π0/η decay so that the recon-
structed m(hh(′)eeγ) will fake the signal. Such decays
will also contribute to a background in themhh(′)ee region
below the D0 mass, resulting in a non-linear background
shape. To suppress these backgrounds, we apply the se-
lection mee > 200 MeV/c2. In addition, we do not ap-
ply electron bremsstrahlung recovery for candidates with
mee in the η mass region (520, 560MeV/c2). The mee

> 560 MeV/c2 is applied to the K−π+e+e− for search-
ing the signal not in the resonant region to suppress the
D0 → K−π+η [→ e+e−γ] background.

Some candidates include electrons originating from
photon conversions. In order to veto these events, we
combine the e± from the signal (D0) candidate with an-
other oppositely charged track from the event to form
a candidate e+e− pair. We require a converged vertex
fit for the photon conversion candidates (e+e−) and dis-
card the correspondingD0 candidate if the angle between
the e+e− tracks in the lab frame is less than 0.07 radi-
ans or the invariant mass of e+e− tracks is less than 100
MeV/c2.

Hadronic D0 decays in which one or more of the D0

daughters are misidentified as leptons also contribute to
the background. In each event, we reconstruct D∗+ →
D0π+

s with D0 → K−π+π−π+, D0 → π+π−π+π−, and
D0 → K+K−π+π− decays in addition to the signal
modes hh(′)e+e−. We discard the corresponding signal
candidate if any of the reconstructed hadronic D0 decay
candidates have invariant mass and ∆m within 3 MeV/c2

and 0.4 MeV/c2, respectively, of the corresponding nom-
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inal values.
For each signal mode, we optimize the selection criteria

for p∗(D∗+), ∆m, PID, photon conversion and hadronic
D0 vetos in the η (520, 560), ρ/ω (675, 875), and φ
(990, 1035MeV/c2) mass regions in order to search for
potential ee resonant decays. We also search for D0 →
h−h(′)+e+e− decays in the mee spectrum not included
in the resonant regions defined above which we refer to
as ”non-resonant”. The mee regions mentioned above
are not individually optimized, with the mee ranges cov-
ering about 80% of the corresponding ee resonance re-
gions. For events with more than one signal candidate,
the candidate with ∆m closest to the known value is
selected. We optimize the cuts by maximizing a figure-
of-merit S/

√
S +B for each mee region, where S and

B are the expected number of signal candidates in data
estimated from PDG [34] branching fractions and back-
ground yields estimated using background MC samples,
respectively. Since the D0 production rate is not pre-
cisely known, we measure the signal branching fractions
relative to the normalization decay D0 → K−π+π−π+,
with similar selections applied such as PID.
We calculate the signal branching fractions and upper

limits using the equation

B(hh(′)ee) =
Nhh(′)ee

NKπππ

ǫKπππ

ǫhh(′)ee

B(K−π+π−π+), (1)

where N are the yields, and ǫ are the reconstruction
efficiencies. We measure the branching fractions or set
branching fraction upper limits for various mee regions
in each hh(′)ee mode.
We use a one-dimensional unbinned extended maxi-

mum likelihood fit to mhh(′)ee to extract the signal yield
for each decay mode in the η (520, 560), ρ/ω (675, 875),
φ (990, 1035MeV/c2), and remaining mee regions. The
signal probability density function (PDF) is a Gaussian-
like function with different resolutions above and below
the D0 mass [35]. We obtain the signal PDF parameters
from fits to the signal MC distributions, and we fix these
parameters for the signal yield extraction. We model the
background using a linear function, where the slope pa-
rameter is floated in the fit. We do not examine any
signal mode distributions until the analysis procedure is
finalized to minimize potential biases on the measured
quantities.
We show the signal mode mhh(′)ee distributions with

projections of the fits superimposed for each mee re-
gion in Fig. 2. For each signal channel, we provide the
branching fractions, and the corresponding significance
S =

√
−2∆lnL, where ∆lnL is the difference in the log-

likelihood from the maximum value with respect to the
value from the background-only hypothesis. We measure
the branching fraction of D0 → K−π+e+e− in the mee

range 675 < mee < 875 MeV/c2 to be (39.6 ± 4.5 ± 2.9)
× 10−7, where the first uncertainty is statistical and the
second is systematic with a significance of 11.8σ. We set
90% CL upper limits using the CLs method [36] for the
channels with no significant signal; these results are in
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FIG. 2. D0
→ hh(′)ee decays mhh(′)ee distributions for mee in

the η, ρ/ω and φ mass regions. The η → e+e−γ decay back-
ground is shown for D0

→ K−π+e+e− with mee in the η mass
region (cyan dashed curve). These background PDF param-
eters are obtained from D0

→ K−π+η [→ e+e−γ] MC simu-
lation in which the γ is not reconstructed. The K+K−e+e−

mode with mee in the η mass region is not fitted since only
one event is observed.

the range from (2.3− 8.1) × 10−7. The extracted signal
yields, significances, efficiencies, and branching fractions,
or branching fraction upper limits for each mee region
are given in Table I. In the supplemental material, we
show the projection of the fit on the D0 → h−h(′)+e+e−
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TABLE I. D0
→ h−h(′)+e+e− yields, efficiencies, branching fractions, significances, and branching fraction upper limits @ 90%

CL of each mee region. A fitted yield and a branching fraction are not reported for the K+K−e+e− mode with mee in the mη

region since only one event is observed, and the significance is determined from the CLs distribution. The first uncertainty is
statistical and the second is systematic.

Decay mode mee region (MeV/c2) Yield Efficiency (%) B (×10−7) Significance UL (×10−7)
K+K−e+e−

η 520-560 - 3.33 ± 0.04 - 0.0σ 2.3
ρ0/ω > 675 2.6 ± 1.8 5.68 ± 0.06 1.2 ± 0.9 ± 0.1 2.0σ 3.0

non-resonant > 200 a 3.5 ± 3.3 2.97 ± 0.04 3.1 ± 3.0 ± 0.4 1.5σ 7.7
π+π−e+e−

η 520-560 0.6 ± 2.3 4.61 ± 0.05 0.4 ± 1.4 ± 0.2 0.3σ 3.2
ρ0/ω 675-875 3.7 ± 4.1 4.99 ± 0.05 2.0 ± 2.2 ± 0.8 0.9σ 6.1
φ 995-1035 3.6 ± 3.2 8.40 ± 0.06 1.1 ± 1.1 ± 0.2 1.1σ 3.1

non-resonant > 200 1.4 ± 4.2 3.29 ± 0.04 1.2 ± 3.4 ± 1.1 0.3σ 8.1
K−π+e+e−

η 520-560 4.0 ± 2.7 4.91 ± 0.04 2.2 ± 1.5 ± 0.5 1.6σ 5.6
ρ0/ω 675-875 110 ± 13 7.53 ± 0.06 39.6 ± 4.5 ± 2.9 11.8σ -
φ 990-1034 4.6 ± 2.4 8.75 ± 0.06 1.4 ± 0.8 ± 0.3 2.5σ 2.9

a Excluding resonance regions, which are the same for all three modes.

distribution as a function of m2
ee with the background

subtracted using the sPlot technique [37].
Systematic uncertainties can be divided into multi-

plicative and additive categories. The additive system-
atic uncertainties affect the determination of the signal
and normalization mode yields and the corresponding
significance. Multiplicative systematic uncertainties in-
clude PID and tracking efficiencies. The systematic un-
certainty of tracking efficiency is 0.35% for each track,
obtained from a study of a D∗+ → D0(π+π−K0

S
)π+

data control sample. The systematic uncertainty due
to K identification is 1.0%, determined from a study of
a D∗+ → D0(K−π+)π+ control sample. The electron
identification efficiency uncertainty is determined from
e+e− → e+e−e+e− processes and found to be 2.0% for
each track. The PID efficiency corrections are applied
for the normalization mode and for each signal channel,
and the particle identification systematics are about 5%,
which depend on the decay channel. We do not include a
systematic uncertainty for the PID fake rates as the D0

candidate invariant mass of misidentified h−h(′)+e+e−

decays do not peak near the D0 mass after final selec-
tions according to MC simulations of hadronic D0 de-
cays. To account for the potential non-resonant decay
contribution in the mee resonance regions, the signal effi-
ciency differences obtained using the signal MC between
non-resonant and resonant decays are included in the sys-
tematic uncertainty.
The uncertainty in yield extraction contributes to the

additive systematic uncertainty, which affects the signif-
icance of the branching fraction. We obtain the PDF-
related uncertainties by varying the PDF shapes and pa-
rameters for both signal and background. As alterna-
tive PDFs, we use two double-sided Crystal Ball func-
tions [38] with a shared mean for the signal and a second-
order Chebyshev polynomial for the background PDF

functions to determine the signal yield systematics from
the PDF shapes. In addition, the yield differences be-
tween the signal PDF parameters, fixed and floated, are
incorporated into the systematic uncertainty. The ad-
ditive systematic uncertainty for the background origi-
nating from the signal channel D0 → h−h(′)+e+e− with
ee from ρ resonant decay is negligible for other ee res-
onance regions. To incorporate the systematic uncer-
tainties into the upper limits, the likelihood function is
convolved with two Gaussian functions whose widths are
the total multiplicative and additive systematic uncer-
tainties and a third Gaussian with a width that is the
sum in quadrature of the additive systematic uncertain-
ties from the normalization mode.
In summary, we have measured the branching fraction

of D0 → K−π+e+e− in the mee range 675 < mee < 875
MeV/c2 to be

(39.6± 4.5± 2.9)× 10−7

with a significance of 11.8σ using 942 fb−1 of Belle data.
The measured branching fraction is consistent with and
more precise than the BABAR measurement [13]. For the
other ee resonant and non-resonant regions, we do not
observe any significant signal and set 90% CL upper
limits on the branching fractions. These limits range
from 2.3 × 10−7 to 8.1 × 10−7. Our D0 → K−π+e+e−

limits are more restrictive than the BABAR [14] and
BES III [16] limits.

Note added:
While this manuscript was being finalized, LHCb

published new results on D0 → π+π−e+e− and
D0 → K+K−e+e− decays. They observe the former in
two mee mass regions and set upper limits on the latter
that are 1.4–7.7 times more stringent than ours [25].
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Supplemental material to D
0 → h
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D0
→ h−h(′)+e+e− MODES dN/dm2

ee VS m2
ee DISTRIBUTIONS

Figure 1 (below) shows the D0 → h−h(′)+e+e− modes dN/dm2
ee vs m2

ee distributions with background subtracted
using the sPlot technique.
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FIG. 1. dN/dm2
ee vs m2

ee distributions for D0
→ h−h(′)+e+e− candidates. The background has been subtracted using the

sPlot technique. A significant D0
→ K−π+e+e− signal with mee in ρ/ω mass region is visible in the (0.4, 0.8GeV2/c4) m2

ee

bins. The negative bins are due to low statistics after final selections. In the analysis, the selections are optimized separately
in each resonance region and in the combined non-resonant regions. For these plots, the p∗(D∗+), ∆m, and PID selections for
the non-resonant region are applied to all mee regions.


